The HER2 protein, encoded by the ERBB2 gene, is a molecular target for the treatment of breast and gastric cancer by monoclonal antibodies or tyrosine kinase inhibitors. While intratumoral heterogeneity of ERBB2 amplification is rare in breast cancer it is reported to be frequent in bladder and colorectal cancer. To address the potential heterogeneity of the HER2 status in adenocarcinomas, squamous cell carcinomas and large cell undifferentiated carcinomas of the lung, 590 tumors were analyzed for HER2 overexpression and ERBB2 amplification using FDA-approved reagents for immunohistochemistry and fluorescence in-situ hybridization (FISH). Moderate and strong immunostaining (2 þ , 3 þ ) was seen in 10% of the tumors. ERBB2 amplification was found in 17 (3%) lung cancer patients including 10 cases (2%) with high-level amplification forming gene clusters. ERBB2 amplification was significantly related to histologic subtype and tumor grade, resulting in 12% ERBB2 amplified tumors in the subgroup of high-grade adenocarcinomas. Heterogeneity was analyzed in all highly amplified tumors. For this purpose, all available tumor tissue blocks from these patients were evaluated. Heterogeneity of ERBB2 amplification was found in 4 of 10 tumors as assessed by FISH. These included two tumors with a mixture of low-level and high-level amplification and two tumors with non-amplified tumor areas next to regions with high-level ERBB2 amplification. High-level ERBB2 amplification occurs in a small fraction of lung cancers with a strong propensity to high-grade adenocarcinomas. Heterogeneity of amplification may limit the utility of anti-HER2 therapy in some of these tumors. Further attempts to assess the utility of HER2-targeting therapy in homogeneously amplified lung cancers appear to be justified. Keywords: adenocarcinoma of the lung; ERBB2 gene amplification; fluorescence in-situ hybridization; HER2 expression; heterogeneity; large cell undifferentiated carcinoma of the lung; squamous cell carcinoma of the lung
The human epidermal growth factor receptor 2 gene (ERBB2, HER2/neu) is involved in the development of numerous types of human cancers and has been linked to poor prognosis in many of them. [1] [2] [3] The ERBB2 gene product HER2 is the target of an antibody-based therapy (trastuzumab), which has been shown to be remarkably effective in both the metastatic and adjuvant setting for HER2-positive breast cancer [4] [5] [6] and in advanced HER2-positive gastric cancer. 7 Moreover, with the tyrosine kinase inhibitor lapatinib which targets both EGFR and HER2 an alternative option for HER2-positive breast cancers has been introduced 8 and is under analysis for other tumor types.
Applying additional potent therapies would be of particular interest in tumors with a notoriously poor prognosis such as carcinomas of the lung. Preclinical cell line models suggested that ERBB2 amplification and/or overexpression of HER2 may be relevant for the development of some of these tumors and that trastuzumab has additive or synergic antitumor activity in combination with cytotoxic agents. 9 HER2 overexpression in adenocarcinoma and squamous cell carcinoma of the lung as assessed by immunohistochemistry is found in 2.5-43% of cases with a clear tendency toward higher rates of positivity in adenocarcinoma than in squamous cell carcinoma. [10] [11] [12] [13] Studies assessing ERBB2 amplification found a similar variability but usually with a much lower frequency of amplified tumors. The different analytical methods such as PCR, Southern blot or fluorescence in-situ hybridization (FISH) used and the varying definitions of amplification have resulted in a wide range (1-23%) of cases reported to be amplified. [14] [15] [16] As the rate of ERBB2 amplified lung cancers is very low in studies using FDAapproved reagents and scoring criteria, it seems possible that treatment of cases with biologically less significant HER2 expression identified by immunohistochemistry, may have contributed to the poor results of HER2 targeted therapy in these tumors. 9, 17 Clinical trials evaluating trastuzumab therapy in lung cancer so far have included between 17 and 59% of tested patients based on immunohistochemistry. 18, 19 Intratumoral heterogeneity of overexpression/ amplification is another potential cause for nonresponding HER2-positive cancers. Heterogeneous ERBB2 amplification is rare in breast 20 but seems to be frequent (450%) in bladder or colorectal cancer. 21, 22 Conflicting results are published on heterogeneity of ERBB2 amplification in gastric cancer. [23] [24] [25] In lung cancer, heterogeneity of HER2 positivity has not been systematically analyzed. This study had the purpose to thoroughly evaluate the possible extent of HER2 heterogeneity in adenocarcinomas, squamous cell carcinomas and large cell undifferentiated carcinomas of the lung.
Materials and methods

Tissues
Two tissue microarrays were made from a total of 590 lung cancer specimens from formalin-fixed, paraffinembedded archived tissue samples of the Institute of Pathology at the University Medical Center HamburgEppendorf as described. 26 Only surgical specimens of tumorectomy were used for tissue microarray construction. Tissue cores with a diameter of 0.6 mm were removed from the original paraffin block. All tumors were represented in duplicates on the final tissue microarrays. The usage of tissue microarrays for research purposes has been approved by the local ethics committee. The array included 219 adenocarcinomas, 250 squamous cell carcinomas and 121 undifferentiated large cell carcinomas. The median patient age at surgery was 63 years (range 36-92 years). Raw survival data were available from 290 patients. The mean follow-up period was 29 months (range 1-155 months). Survival data were obtained from the Department of General, Visceral and Thoracic Surgery, University Medical Center Hamburg-Eppendorf. All original slides of the tissues included in these tissue microarrays had been reviewed by the same pathologist determining histological type based on morphology and histological grade according to WHO 2004. 27 The pathologic stage was obtained from the primary report of the Institute of Pathology. None of the arrayed tumors had been treated with anti-EGFR therapy. Consecutive, freshly cut sections of the tissue microarrays were used for FISH, immunohistochemical analysis and H&E stained reference.
ERBB2 FISH
For proteolytic slide pretreatment, a commercial kit was utilized (paraffin pre-treatment reagent kit, Abbott Laboratories, Abbott Park, USA). For copy number detection of ERBB2, the dual color PathVysion test (Abbott Laboratories) was used according to manufacturer's instructions. A tumor was considered as high-level amplified if the ratio of average gene copy numbers and centromere was Z2 and the absolute gene copy number was Z10. Low-level amplification was defined as a ratio of Z2 and an absolute gene copy number of 44 but o10. The remaining tumors were considered as not amplified.
HER2 Immunohistochemistry
For HER2 protein detection, the HercepTest kit (DAKO, Glostrup, DK) was used according to manufacturer's instructions. HER2 scoring was performed according to the 4 step-scale (0, 1 þ , 2 þ , 3 þ ) outlined in the HercepTest manual for breast cancer.
Large Section Validation/Heterogeneity Analysis
To validate the results of the tissue microarray and to determine the heterogeneity of HER2 status, all available tumor tissue of individual high-level amplified cases was analyzed by ERBB2 FISH and HER2 immunohistochemistry. Between two and nine paraffin blocks containing tumor tissue were tested including up to three lymph-node metastasis per patient ( Table 2 ). The complete tumor areas on large sections were screened for HER2 expression as well as presence or absence of ERBB2 amplification. The percentage of tumor areas with high-level and low-level amplification as well as of areas without amplification for each tumor was estimated 
Statistical Analysis
Contingency table analysis and w 2 (likelihood) test were used to study the relationship between ERBB2/ HER2 alterations and categorical parameters. The Kaplan-Meier method was used for survival analysis. For statistical analysis, the JMP 8.0 software (SAS Institute Inc, NC, USA) was used.
Results
ERBB2 FISH
ERBB2 gene copy numbers were interpretable in 526 arrayed tumor samples. Analysis failed in 64 tumors because hybridization quality was too low, not enough tumor cells were analyzable or the entire tissue spot was missing on the tissue microarray slide. ERBB2 amplification (defined as ratio ERBB2/ Cen17 Z2 and absolute ERBB2 signals 44) was found in 17 (3%) cancers including 10 (2%) tumors with a high-level amplification (ERBB2 gene copy number Z10). High-level ERBB2 amplification was significantly more frequent in adenocarcinomas (4%) than in squamous cell carcinomas (P ¼ 0.0051). Highlevel ERBB2 amplification was also significantly related to higher tumor grade (G3) in adenocarcinomas (P ¼ 0.0238) resulting in a frequency of 11% of tumors with a high-level ERBB2 amplification within the subgroup of 57 high-grade (G3) adenocarcinomas. Twelve percent of high-grade adenocarcinomas showed any ERBB2 amplification (high-and lowlevel amplification). ERBB2 amplification was unrelated to primary tumor stage, nodal stage or presence of distant metastasis. All results are summarized in Table 1 . Patients with ERBB2 amplified tumors had a significantly shortened survival as compared with patients with normal ERBB2 status in univariate analysis ( Figure 1 , P ¼ 0.03) but not in multivariate analysis against the prognostic factors stage, nodal status and grade (Supplementary Table 1 ).
HER2 Immunohistochemistry
Immunohistochemical analysis of HER2 protein was successful in 531 tumors. A total of 59 samples were excluded from analysis because the tissue spots were missing on the tissue microarray slide or did not contain enough unequivocal tumor cells for evaluation. Positive immunostaining (including 2 þ and 3 þ ) was seen in 10% of tumors and was significantly more frequent in adenocarcinomas than in squamous cell carcinomas (P ¼ 0.0016). Positivity was more frequent in high-grade than in low-grade tumors (Table 1) . 
ERBB2 Amplification versus HER2 Expression
Both FISH and immunohistochemistry were interpretable on the same tissue spot in 516 lung cancers and could be matched. Expression and gene amplification were significantly associated (Po0.0001, Figure 2 ). The association was pronounced for highlevel amplified cases showing strong HER2 expression (3 þ ) in 70% of cases. Amplified tumors showed significant HER2 protein expression (2 þ or 3 þ ) with the exception of four cases (two lowlevel and two high-level amplified cases). Only 4 of 39 tumors with a 2 þ HER2 immunostaining had gene amplification. For validation of these results, 12 cases with an HER2 2 þ immunostaining but no gene amplification were retested by immunohistochemistry and FISH on one large section of tumor tissue each. In all cases at least focal-positive expression of the protein was observed in vicinity of the removed tissue core used for tissue microarray construction. ERBB2 gene amplification was not found in any of these 12 cases.
Heterogeneity of ERBB2 Amplification and HER2 Expression
Ten tumors with high-level amplification recognized on the tissue microarray were selected for ERBB2 FISH analysis and HER2 immunohistochemistry of all available tumor tissue on large sections. ERBB2 amplification was verified in all cases in the tumor area surrounding the tissue core used for tissue microarray construction. In six cases, a homogeneous high-level ERBB2 amplification could be demonstrated in all analyzed tumor cells. Two cases showed a heterogeneous pattern with highlevel and low-level amplified tumor areas and two cases showed non-amplified tumor next to highlevel amplified tumor areas. For one of these heterogeneous cases, three additional lymph node metastasis were available for ERBB2 analysis. This case showed high-level next to low-level amplification in the primary tumor while the metastasis showed homogeneous low-level amplification ( Table 2 ). Expression analyses were congruent with the FISH results in six cases (four homogeneously amplified and two amplified/non amplified cases).
A strong membraneous staining (3 þ ) was observed in amplified tumor areas while no or weak staining (0 or 1 þ ) was found in non-amplified areas. Two homogenously amplified cases (cases 5 and 10 in Table 2 ) showed heterogeneous staining with only focal positivity. The two cases with high-level and low-level amplified tumor areas (cases 2 and 9)
showed heterogeneous staining with only focal positivity not congruent with the FISH result. Histologic review of the heterogeneous tumors revealed no morphologic differences between tumor areas with different HER2 status ( Figure 3 ).
Discussion
ERBB2 amplification was found in 17 (3%) of 526 examined lung cancers including 10 cases (2%) with high-level amplification. Amplification was particularly frequent in adenocarcinomas (6%) and large cell carcinomas (4%). The frequency observed in our study is in the range (1-5%) of other studies performing ERBB2 FISH in lung cancer. 11, 13, 15, 16 The predilection of adenocarcinomas for ERBB2 amplification is in line with the results from earlier studies showing a correlation of HER2 expression with this histologic subtype. 11 We did not observe significant associations with tumor stage or presence of metastases but found a significant link between ERBB2 amplification and poor prognosis although in univariate analysis only. A similar observation has been reported before. 16 Within adenocarcinomas, ERBB2 amplification was particularly frequent in high-grade cancers. As a result, 7 of 57 grade 3 adenocarcinomas (12%) were amplified, including 6 cases with high-level amplification. This subgroup obviously has the highest potential for anti-HER2 therapy. HER2 positivity by immunohistochemistry was more frequently seen than gene amplification. In particular, a relatively high number of tumors with moderate HER2 expression (2 þ ) but without gene amplification were observed. Only 10% of tumors with a 2 þ immunohistochemistry result showed ERBB2 gene amplification. Based on these data, one could conclude, that-in contrast to breast cancersome low-level HER2 overexpression may occur in lung cancer in the absence of gene amplification. It is also possible, however, that some of the positive immunohistochemistry staining represent artifacts. It is well known, that insufficient formalin fixation with consecutive exposure of the tissue to ethanol during technical processing can lead to false positive HER2 immunohistochemistry. 28 On the other hand, false negative results of HER2 immunohistochemistry cannot always be excluded. Storage of paraffin material can result in reduced HER2 immunoreactivity. 28 This might be the reason for focal HER2 negativity by immunohistochemistry in some ERBB2 amplified cases in our study as the paraffin material of these cases was stored between 7 and 18 years.
Presence of ERBB2 amplification is important for response to trastuzumab in breast and stomach cancer. However, not all tumors expressing a molecular drug target respond favorable to the corresponding medication. For example, only about 50% of HER2-positive breast cancers respond to trastuzumab. 29, 30 Heterogeneity of ERBB2 amplification and overexpression within a tumor and between primary tumors and their metastases is one potential cause for treatment failure as the primary tumor is typically removed from the patient and molecularly analyzed while the metastases remaining in the patient are subsequently being treated with the drug. Our data suggest that molecular heterogeneity may be more frequent in lung cancer than in breast cancer, at least for ERBB2. Our analysis of 41 different tumor blocks from 10 patients with high-level ERBB2 amplification in their lung cancer revealed heterogeneity of amplification within the primary tumor in 4 of 10 patients (Table 2) . Although the number of cases analyzed is not large, these data suggest that ERBB2 amplification cannot be automatically considered as homogeneous if a test is positive in lung cancer. In breast cancer, heterogeneity within primary tumors and between primary tumors and their metastases is hardly seen. 31 Presence of amplification restricted to subsets of cells in lung cancers argues for a role of ERBB2 amplification in lung cancer progression. In this context, it is interesting to note that 2 of 10 cancers had sub-populations with low-level amplification next to areas with high-level amplification.
Although HER2 overexpression and ERBB2 amplification clearly exist in lung cancer, clinical trials with trastuzumab were not successful. Two phase II studies did not find any convincing effect of trastuzumab treatment. 18, 19 The first study by Gatzemeier et al enrolled 103 patients with HER2-positive lung cancers of different histologic subtypes (non-small cell lung cancer). In all, 17% of 617 screened patients were found to be HER2 positive by immunohistochemistry (2 þ , 3þ ) and were subsequently randomized. The second study by Langer et al included adenocarcinomas, squamous cell carcinomas and large cell undifferentiated carcinomas of the lung with detectable HER2 expression by immunohistochemistry (1 þ , 2 þ or 3 þ ) which resulted in 59% HER2-positive cases. Fifty-three patients were enrolled in this study. Although the authors of both studies could not show clinical benefit of trastuzumab treatment, both note that a potential benefit was seen in the subgroup of HER2 3 þ tumors but that this group was too small in both studies to provide definitive information. Two smaller studies with similar inclusion criteria enrolling 21 and 24 patients could not see any relationship between HER2 expression and response. 32, 33 The small molecule lapatinib was recently also tested as monotherapy in adenocarcinoma and squamous cell carcinoma of the lung. 34 Although the results did not show any significant number of tumor regressions, one of two patients with a retrospective tested ERBB2 amplification showed partial response to therapy.
The number of analyzed cases even within the present study is too low to provide a clear number of how many lung cancers have homogeneous highlevel ERBB2 gene amplification. From our data, this number may be in the range of 1%. Even though a fraction of 1% positive cancers does not sound very high, it must be considered, that 4500 000 lung cancers are annually diagnosed alone in the United States and in Europe. 35 Moreover, the relatively high prevalence of ERBB2 amplification in high-grade adenocarcinomas might justify further clinical evaluation of HER2 targeted therapy at least in this subgroup.
In conclusion, a thorough analysis of 590 adenocarcinomas, squamous cell carcinomas and large cell undifferentiated carcinomas of the lung using FDAapproved reagents showed high-level ERBB2 gene amplification in 2% of these tumors with a strong preference for high-grade adenocarcinomas. Considering experiences with breast and gastric cancer, our data suggest that these lung cancer patients might be good candidates for a trastuzumab therapy. Clinical trials, which have been unsuccessful so far, have included between 17 and 59% of screened patients based on immunohistochemical analyses. We therefore assume that a benefit of anti-HER2 medication on properly selected lung cancer patients is possible, based on the existing literature. From our data, it appears that 1% of lung cancer patients have homogeneous high-level ERBB2 amplification. Attempts to assess the utility of anti-HER2 therapy for these patients appear to be justified.
